Objective: The evidence on whether there is work stress related dysregulation of the hypothalamic-pituitary-adrenal axis is equivocal. This study assessed the relation between work stress and diurnal cortisol rhythm in a large-scale occupational cohort, the Whitehall II study.
Introduction
Work stress has been established as a risk factor for a range of health impairments, particularly cardiovascular disease [1] , metabolic syndrome [2, 3] and Type 2 diabetes mellitus [4, 5] . Two dominant work stress models have been widely employed in these analyses: the job demand control (JDC) model [6] and the effort-reward imbalance (ERI) model [7] . The JDC model postulates a combination of lower control (less skill utilization and lower decision authority) and higher work demand (more quantitative work load and conflicting demands) will trigger job strain; whereas the ERI model emphasizes social reciprocity, such that a sustained unfair trade-off between effort (cost) and reward (gain) will elicit negative emotions and further lead to adverse longterm health consequences. Similarities exist between these two models as both of them tap psychosocial disequilibrium [8] and highly correlated items are adopted in respective scales [9] . Nevertheless, there are distinctive conceptual and methodological differences as the JDC model refers to the structural characteristics of the psychosocial environment at work, emphasizing the power structure, labour division and workplace democracy [10] ; in contrast, the ERI model takes personal coping strategy into account and highlights perceptions of reciprocity, embodied by wage, esteem and job security [11, 12] .
The hypothalamic-pituitary-adrenal (HPA) axis, one of the main axes of neuroendocrine stress response, is hypothesized as a pathway by which work stress might be related to adverse health outcomes. However, there is inconsistent evidence on work stress related dysregulation of the HPA axis. In terms of the JDC model, job strain has been associated with raised morning cortisol [13] [14] [15] [16] and increased cortisol secretion across the day [17] ; whereas inverse or no significant relations have also been reported [18] [19] [20] . Similarly, a mixed picture emerges regarding the ERI model: some studies reported a blunted cortisol response in relation to ERI [14, 21, 22] , yet other two studies [23, 24] did not observe any significant association. Evidence to date has been synthesized in two recent reviews [25, 26] . Chida and Steptoe (2009) reported that the cortisol awakening response (CAR), a rapid rise in cortisol levels following wakening, was weakly but positively associated with work stress. In this review, 4 studies included [13, 23, 27, 28] examined the JDC model (average size 159), and 2 studies [23, 27] additionally examined the ERI model (average size 60). Further, Chandola and colleagues reported that the results of 16 studies examining work stress and diurnal cortisol patterns were inconclusive (26) . Several studies reported gender-specific analysis, showing a positive association between job strain and cortisol levels was more pronounced in women [13, 15, 17] ; while overcommitment and ERI were only related to elevated cortisol among men [24, 27] .
Inconsistent findings of prior studies could be ascribed to small study sample sizes [26] , incomplete information on work stress [27] , non-adherence to cortisol sampling protocol (particularly the accuracy of collection time), lack of consistency in modelling cortisol parameters [29, 30] and confounding adjustments [15, 17, 30] . The present study seeks to address these issues by investigating the relation between work stress and diurnal salivary cortisol in a large occupational cohort. We employ the complementary JDC and ERI models, examine cortisol patterns throughout the day and adjust for a variety of covariates. The primary aim of the study was to understand the nature of the relationships between work stress models and indices of diurnal cortisol patterns. A secondary aim was to analyse the genderspecific cortisol pattern by work stress models.
Methods

Ethic Statement
Ethical approval for the Whitehall II study was obtained from the University College London Medical School Committees on the Ethics of Human Research. All participants are asked to give written informed consent at each phase.
Study population
Established in 1985, the Whitehall II study is an on-going cohort with 10,308 participants (66% male, aged 35-55) recruited from 20 London based civil service departments. After the baseline clinical health check-up, further self-administered questionnaire data were collected in follow-up phases administered approximately every two years while repeated clinical examinations were only carried out in odd phases [31] . By Phase 7 (2002 Phase 7 ( -2004 ) the number of participants was 6,967, half of which were still working (n = 3,413). As the recruitment for the saliva collection was initiated partway through Phase 7, only 65.8% of those working participants (n = 2,246) had information on salivary cortisol. The present analysis focused on participants who were still working in Phase 7, with information on work stress and diurnal cortisol secretion (n = 2,126).
Measurements of work-stress
The JDC model was assessed by the Job Strain Questionnaire [32] . The questionnaire consisted of three basic components: job demand (4 items, Cronbach's a = 0.67), job control (15 items, Cronbach's a = 0.84) and social support at work (6 items, Cronbach's a = 0.79). A four-point scale from ''often'' to ''never/almost never'' were used to answer all these items. Responses were combined into summary scales, where higher scores indicate higher control, demand or support. We used both binary and continuous measurements for job strain. Binary job strain was defined as participants reported both high score on demand (above the median score) and low score on control (below the median score). A continuous scale of job strain was calculated by subtracting control score from demand score. The binary job strain was used to describe participants' characteristics at baseline, and the continuous one was used in regression analysis to prevent any information reduction due to artificial categorizing.
The English version of ERI questionnaires were constructed from the 23 validated Likert scaled items [12] , which contained extrinsic and intrinsic dimensions of the full ERI model. For the extrinsic part, effort and reward each was rated on a five-point scale: 4 items for effort (Cronbach's a = 0.80) and 8 items for the reward (Cronbach's a = 0.87). A ratio of ERI was calculated by the formula effort/reward*c [12] , where 'c' is a correction factor weighting the different numbers of items in numerator and denominator (4/8). ERI.1.0 reflects disproportionate effort, whereas a value from 0 to 1 indicates favourable balance. The continuous ERI ratio was logarithm transformed to produce proportional scaling above and below the balance point ''1'' [33] .
Cortisol collection and analysis
The protocol of saliva sampling used in the Whitehall II study has been reported previously [34] . Salivettes (Sarstedt, Leicester, UK) were used to collect participants' saliva samples. Participants were instructed to collect 6 samples across the day, at awakening, 30 minutes after waking, 2.5 hours after waking, 8 hours after waking, 12 hours after waking and bedtime. Time of sampling was recorded simultaneously. Participants were required to take samples immediately after awakening. Caffeine and acidic drinks in the first 30 minutes, brushing teeth or eating or drinking 15 minutes before a sample collection were not allowed. Saliva samples were centrifuged at 3000 rpm for 5 minutes. The clear supernatant was assayed via chemiluminescence detection (CLIA; IBL-Hamburg, Hamburg, Germany) to measure the salivary cortisol levels. The lower concentration limit of this assay was 0.44 nmol/l; intra-and inter-assay coefficients of variance were ,8%. Any sample .50 nmol/l was repeated.
Assessment of covariates
Data on gender, age and ethnicity were collected by questionnaires. Waking up time was available from the logbook on the day of sample collection. Time since waking, which shows the time difference between waking and taking first sample was categorized into 5-minute intervals. Social position, assessed by civil service employment grade, was used in this analysis as a potential confounder, given previous studies have described associations with diurnal cortisol patterns [17, 35] . Three categories, administrative (highest employment grade), professional (medium employment grade) and clerical (lowest employment grade), were determined by current civil service employment grade if participants were still working in the civil service or according to the last job grade if participants had left civil service. Body mass index (BMI-kg/m 2 ) was categorized using cut-points: ,21, 21,31 and 31+, given a nonlinear association of BMI with diurnal cortisol slope [36] .
Statistical analysis
1. Data reduction for cortisol assessment. Approximately 1% of cortisol values that were three standard deviations above the mean were removed (n = 43), which may be influenced by altered pH-values or blood contamination [29] . Additionally, participants reporting either eating, drinking, exercising or brushing their teeth before the first sample (n = 41) were excluded from the analysis. Data were analysed for difference between weekday/weekend collections. Since no statistically significant differences were observed, data were combined for further analysis. Because of a strong positive skew still existed following removal of outliers, cortisol data were logarithm transformed for analysis.
2. CAR and slope calculation. The CAR was computed as the difference between cortisol values at awaking and 30 minutes after awaking. Conventionally, a delayed sample collected over 10 minutes after awaking is removed due to a reduced CAR [37] . However, we did not find lateness to be significantly associated with work stress. Therefore, instead of excluding those delayed samples, time since waking was included as a covariate.
The methodology used to calculate the slope in cortisol across the day has been previously reported [38] . In short, the slope was derived from regressing cortisol concentration of five samples over the day excluding the second sample, as CAR and slope might be modulated by different neurobiological systems [39] . A multilevel regression model was employed to predict the log cortisol, taking measurement occasion as a level one identifier, person as a level two identifier and sample time as the independent covariate. For each person, the slope was estimated as the overall negative slope plus the level-two slope residual. A more rapid cortisol decline over the day was represented by more negative slope value, whereas flatter diurnal rhythms were indicated as slope values close to zero.
3. Analytic strategy. Participant characteristics and cortisol profile were analysed according to work stress categories using regression analysis for continuous variables and Chi-square test for categorical variables. Linear regression models with CAR or slope as the outcome were employed to assess the association with work stress, adjusted for age, gender, ethnicity, time of waking and time since waking. One at a time, the diurnal cortisol parameters were used as dependent variables and each component of work stress models as independent variables. Since continuous scales were used, results were reported by per standard deviation change in each independent variable. Gender effects were analysed by adding interaction term between gender and work stress. Additional adjustments for employment grade and BMI were run by using multivariable adjusted linear regression models. The data were analysed using STATA version 11.
Results
Descriptive results
In Phase 7 half (49.2%) of participants were still working (n = 3,413), 50.8% were not working due to retirement or sickness. Compared with people who were still working, those retired or not working were more likely to be female, older and worked in lower employment grades. The final number of participants for this analysis was 2,126, of whom 481 were female (22.6%). They were more likely to be male, younger and had higher employment grade in comparison with those who were still working in Phase 7 but not included in this analysis (Table 1) . Table 2 shows the characteristics of participants with measures of cortisol secretion stratified by job strain and ERI. In our study sample, the prevalence of job strain was 21% and the prevalence of ERI was 28%. Participants reporting job strain or ERI were younger. Those who reported job strain were less likely to be ethnic minority groups and live with a partner. On the other hand, participants working in higher employment grades were more likely to report ERI. As regards the diurnal cortisol profile, all parameters of cortisol secretion were comparable between either job strain or ERI categories.
Correlation of work stress measures
The correlation matrix of work stress measures is summarized in Table 3 . Demand and effort, support and reward were moderately correlated confirming those measures tapping similar aspects of work stress. Job strain is composed of demand and reward and ERI is composed of effort and reward. Demand had a stronger correlation with job strain than control; the ERI score was highly driven by the effort score. Overall, the directions of those associations confirmed the theoretical assumptions underlying those work stress models, and indicated distinct aspects of work environment may be captured by different dimension of work stress models.
Relation between work stress and salivary cortisol indices
The linear regression is presented in all participants adjusted for gender (Table 4 ) and gender stratified (Table 5) . In all participants, marginally significant associations were only found between slope and the ERI model (Table 4) . Lower reward and higher ERI were associated with a shallower slope in cortisol across the day. A shallow slope can be due to depressed morning levels or raised evening levels of cortisol or a combination of both. We therefore assessed the associations with log transformed morning and evening cortisol in relation to work stress. No associations of reward and ERI with morning or evening cortisol were significant, although trends consistent with depressed morning levels and raised evening levels in cortisol were observed (Figure 1 ). Gender stratified results from linear regression are presented in Table 5 . The interaction terms were borderline significant between gender and demand, support and job strain in relation to CAR; while none of the gender interaction terms were significant in cortisol and ERI models. In women, a smaller CAR was associated with higher demand, lower support and higher job strain. A reversed pattern showed in men although not significant (Figure 2) .
To test the consistency of those relationships, we further adjusted for potential confounding factors. The associations between slope and two components of the ERI model (reward and effort-reward imbalance) remained unchanged after controlling for employment grade. Additional adjustment for BMI had little influence.
Discussion
This study examined two dominant work stress models and their association with two parameters of the diurnal salivary cortisol pattern. Our results show modest to weak associations between work stress and diurnal cortisol, namely lower reward and higher ERI were related to a flatter diurnal decline. The results also suggest potential gender-specific associations between JDC model and CAR. The finding of a flatter diurnal cortisol decline was associated with lower reward and higher ERI, is in accordance with some [14, 21, 22, 27] but not all [23, 24] . Our study is considerably larger than previous studies and describes a modest association of work stress with slope in cortisol. The small effect size of this association may explain the lack of consistent findings apparent in the literature, which is mainly composed of small convenience samples and subject to publication bias [1] .
We failed to find any significant association in terms of CAR. This is in contrast to the conclusion made in the Chida and Steptoe review (2009). In this review, 22 studies examined work stress and CAR, which included 4 studies that examined the JDC and/or ERI model [13, 23, 27, 28] . In comparison to our study these studies were small (pooled sample size: 637), but had the advantage that participants were younger. The absent association of work stress and CAR may be owing to a low prevalence of work stress in current study. The prevalence of job strain was 21%, within the low range of 10%-40% reported by Siegrist [7] . This low prevalence may be due to early retirement of those had experienced work stress, and therefore were not included in the analysis. Further, remaining participants were more likely from higher employment grades with more control power. Given the relatively low reliability of the demand measure, the effect of job demand may be underestimated, which in turn may result in an underestimated job strain driven by high control score. Moreover, the participants in the current study were in the pre-retirement phase of their working life, and this may be a stage in the lifecourse when stressors associated with home life are more pertinent than work stress per se [40] [41] [42] .
The moderate associations apparent in our study are difficult to explain and may relate to the cross-sectional nature of the analysis and the age of our participants. According to the stress response theory, only those prolonged stressful conditions which involve uncontrollable, social-evaluative and unpredictable elements can significantly affect the magnitude of cortisol response and time to recovery [43, 44] . Therefore routine work-related stressors with low perceived level of pressure may not be severe enough to evoke a detectable disturbance in cortisol secretion considering the breadth of inter-individual differences [45] [46] [47] . On the other hand, our results may indicate HPA axis responsiveness had been adapted to chronic stress in this group of older participants, such that there was a lower rather than higher stress response [7, 48] . Evidence shows that an impaired feedback regulation of the HPA axis may underlie the flatter diurnal cortisol patters [49, 50] , which were associated with fatigue [38] and increased risk of al-cause mortality [51] . However, it was not possible to examine chronic work stress in the analyses as work stress has not been measured in the same way across phases of data collection in the study. It is possible there is a gender-specific cortisol stress response: ERI appears to be a risk factor in men only [24, 27] , whereas JDC appears more relevant to women [13, 15, 17] . Our results contribute to evidence on the JDC model, suggesting women may be more sensitive to job strain with regards to CAR. However, as women only constitute 22.6% of the sample, there is limited power to detect gender differences. Given the high correlation between demand and job strain models, those few marginally significant gender interaction terms should be interpreted with caution.
Strengths and limitations
The main strength and limitations of our study needed to be discussed. The accurate measures of the main variables strengthened the confidence of our findings. The data on work stress are detailed and comprehensive since the Whitehall II study was established to examine the associations of psychosocial work environment and adverse health consequences. Diurnal cortisol data were collected repeatedly throughout a weekday on a large scale. Besides a high response rate (90.1%), indicators also showed that participants correctly followed the instructions and took salivary samples accordingly (95.5% participants had complete data for 6 samples).
The weaknesses of the current analysis are, first, at Phase 7, 49.2% participants were retired and retirees were more likely to come from lower employment grades, potentially depleting the sample of working men and women with high perceptions of work stress. Further, given the pre-retirement feature of our participants, the association of work stress and cortisol secretion may be underestimated. Second, since the study sample is comprised of white-collar civil servants, the results may not generalise to manual occupations. Nevertheless, the cohort covers a wide occupational spectrum with salary difference more than 10-fold between the top and bottom of the socioeconomic hierarchy. Third, we used a cross-sectional design in order to detect the concurrent biological stress effect; however, this means that the causal direction of the associations observed is unclear. Fourth, as salivary cortisol samples were only collected on a single day, the intra-individual variation could bias the CAR to situational predictors [52] . However, we speculate that this should serve to increase our risk of finding an association of the CAR with concurrently assessed work stress. Last, as a male-dominated cohort, the power to detect gender interactions is low.
In conclusion, this study analysed two complementary work stress models and their associations with diurnal cortisol patterns with regards to gender. Results suggest little evidence of a strong association between work stress and diurnal cortisol in this ageing occupational cohort, such that only the ERI model was moderately related to cortisol diurnal decline. Further studies are needed to confirm potential gender-specific effects of work stress models.
